Conventionally, cast iron is the material used for high speed machine tool structures. As an alternate material to improve the structural properties, composite materials are being used, which are known to exhibit excellent thermal and mechanical properties. While selecting an alternate material, thermal conductivity is an important thermo physical property of the material that should be studied. A resin composite material has a lesser thermal conductivity and its thermal properties vary with the composition of the mixture. A material with lower thermal conductivity will have higher heat concentration within the structure, which may result in structural deformation. In this analysis, epoxy granite, a material which is tested to exhibit excellent mechanical properties has been selected to study its thermal properties. Tests are carried out using Transient Plane Source (TPS) method, on eight samples with varying volume fraction of epoxy content in the range 10-24%. It is observed that, the effective thermal conductivity decreases with an increase in epoxy resin content in the mixture because the resin content increases interfacial resistance between particles. Hence, lower epoxy content in the mixture that maximizes the effective thermal conductivity while maintaining good mechanical properties is to be selected.
Introduction
In high speed machine tools, the material used in its structure play a major role in the productivity of the machine and the accuracy of the parts manufactured. They also influence the static and dynamic stiffness, mass, modal and thermal properties of the machine tools. The material selected for the machine tool structures must possess excellent mechanical and thermal properties which would reduce the geometric and thermal errors and improve the accuracy of the parts manufactured. Cast iron is the most preferred conventional structural material used in manufacturing precision machine tool structures, as it has excellent damping properties which minimize the dynamic loads and its high quality to price ratio. However, while working at high operating speeds, thermal energy generated is transported through the structural components. Due to high thermal expansion coefficients, cast iron structures deflect causing positional errors between the structural parts. Studies indicate that machine tool structures having low mass and high damping compared to conventional materials improves productivity 1, 2 . Hence recent research on high speed precision machine tool structures aims at developing an alternate composite material which exhibit good thermal characteristics along with its excellent mechanical properties.
Composite materials are emerging as an excellent alternative to conventional cast iron structures due to their good chemical resistance, ease of production, workability, high strength-to weight ratio, low thermal conductivity, and excellent damping properties. Research is being conducted on stone based concrete materials as alternatives for machine tool supporting structures. Polymer concretes like polyester concrete and epoxy concrete are two types of materials under study. Polymer concrete structures make use of polymer resin as its matrix material. In epoxy concrete epoxy resin is used as the binding element. The characteristics exhibited by polymer concrete structures were studied by varying the compositions of its ingredients in it [3] [4] [5] [6] [7] . It is proved that, the epoxy granite composites with 12% epoxy content in the mixture exhibit good damping and stiffness properties and strength, making it more preferable alternative material for precision machine tool structures.
In epoxy granite composite, which has two ingredients, effective thermal conductivity is an important physical property that has to be determined. Techniques that were used to determine the effective thermal conductivities can be classified as either steady state methods or transient methods. In steady state technique, a steady temperature gradient will build up over a known thickness of the sample. The major disadvantage of this technique is that it is a time consuming technique and requires a large sample size.
Transient Plane Source (TPS) techniques were developed to cover a large range of transport properties and to apply the technique to a larger range of materials. This is a fast technique which starts responding as and when the heat input signals are supplied to the sample. This technique has been used reliably to find effective thermal conductivity of materials such as, metal foams 8 , fire resistive materials 9 , hydrating cement pastes 10 , HVFA mortars and concrete materials 11 , insulation materials 12 and Silicone rubber composites with different metallic and non metallic filler materials 13 . It is demonstrated that crushed particles will have a higher thermal conductivity than natural particles 14 . The goal of this study is to determine the effective thermal conductivity of epoxy-granite material using TPS method and also the effect of varying the volume fraction of epoxy content in the mixture on the effective thermal conductivity of the epoxy granite material, developed as an alternate material for machine tool structures.
Preparation of Test Samples
Eight pairs of test specimens are prepared as shown in Figure 1 by varying the volume fraction of epoxy content ranging between 10-24% in the mixture in intervals of 2%. The range for study is selected from the literature which indicates that, the preferable range of volume fraction of epoxy content in a mixture is 12%-20%, considering the strength and mechanical properties of the structure developed 15, 16 . The mixtures selected for analysis in this study are given in Table 1 .
The manufacturing details for the epoxy granite specimen with 12% epoxy content are as follows. The aggregate material (granite particles) amounts to 88% by weight of the mixture. The aggregate particle mixture consist of coarse (granite particle size 0.5-4 mm) to fine (particle size less than 0.5 mm) particles in the ratio 50:50. 12% by weight of the mixture is selected as binding material, consisting of epoxy resin (LY 556) and 2% by weight of resin as hardener (HY 951).
The aggregates and the binding material are mixed thoroughly and then poured into a wooden pattern prepared of required size. The pattern fixed in a horizontal shaker is shaken well continuously to remove the air entrapped between the particles and for compact packing of materials. The test specimen is cured for 24 hours at room temperature. Other specimens are also prepared using the manufacturing technique discussed above.
The test specimen consists of two cylindrical blocks of radius 35 mm and thickness 12.8 mm. The densities of the samples are maintained at 2100 ± 4% kg.m -3 . To reduce the contact errors of thermocouple with unwanted surfaces, a 2 mm sheath is placed at the centre of the bottom block. The thermocouple is inserted through the sheath such that its tip just touches the center of the heater.
Experimental Setup
An experimental setup as shown in Figure 2 , available in the fluid machinery lab of the mechanical engineering department has been used to find out the thermal conductivity of the samples using TPS method. The components of the set up consist of, a computer with LabVIEW 8.5 software, programmed to collect the temperature readings for every 30 seconds, from a J-type thermocouple in contact with the center point of a double spiral nickel wire heater kept between the samples. A SCXI 1303 DAQ card is used to interface the thermocouple with the computer. A 'ScientiFic' multiple power supply, PSD 3304 DC power supply unit are used to provide heat input to the heater.
The heater wire is made of 10μm thick, nickel metal wire, which is wound into a double spiral shape with twelve concentric circles and is well supported by a polymer film, called 'Kapton', which protects the shape of the coil while providing, good electrical insulation and mechanical strength to the heating coil.
A wooden cylindrical container with its inner surface well insulated with glass wool, to avoid any heat loss to the surroundings, is used to hold the specimen. The heater sandwiched between the specimens is firmly fixed between the wooden containers. The thermocouple connected to a Data acquisition (DAQ) card is inserted through a sheath in the bottom specimen and placed firmly such that it touches the center point of the heater. The DAQ card receives signals from the thermocouple and it is processed by a computer with LabVIEW 8.5 software.
A DC Power source is used to supply power to the heater. The time dependent temperature rise is noted down for every 30 seconds in a computer with LabVIEW programme.
Transient Plane Source Method
The TPS method has been developed to cover a large number of transport properties as possible and at the same time to apply the technique to a large number of materials. An external dc power source is used to supply constant voltage and current to the TPS heating coil, wound into the shape of a double spiral, so as to obtain a constant output power from it. The heat generated is dissipated into the testing material and the temperature rise is monitored by noting the resistive change in the element. The resistance 
where, 'α' is the thermal diffusivity, Q (x,y,z,t) is the amount of heat released at (x,y,z and time, t) per unit volume and time, T(x,y,z,t) is the temperature at any point (x,y,z and t), 'ρ' and 'c' are the density and specific heat of the material respectively. To understand the behaviour of heating coil used in TPM technique theoretically, the heat conduction Equation 1 is solved, assuming that the heating coil (hot disk) consists of a certain number of concentric ring heat sources located in an infinitely large sample. Since the hot disk is electrically heated, the increase in its resistance can be conveniently expressed as a function of time as given in the Equation 2 12 .
where, R o is the resistance of the disk at time t = 0, Ω is the temperature coefficient of the resistivity (TCR). ∆T i is constant temperature difference developed over the thin insulating layers covering two sides of the hot disk sensor material. ∆T ave is the increase in temperature of sample surface on the other side of the insulating layer and facing the hot disk. The temperature increase recorded by the sensor, derived from Equation 2, is given in Equation 3,
Here, ∆T i is a measure of the 'thermal contact' between the sensor and the sample surface; ∆T i becomes constant after a short time '∆t i ', estimated using Equation 4.
Where, '∆' is the thickness of the insulating layer and 'α i ' the thermal diffusivity of the layer material. The variable time 'τ' is defined by Equation 5 for easy calculation of temperature rise,
where 't' is the time measured from the start of the transient recording and 'ϑ' is the characteristic time defined by Equation 6. 
where, 'a' is a constant measuring the overall size of the resistive pattern (equal to the radius of the sample in this study) and 'α' is the thermal diffusivity of the sample. Nandi et al.
13
, has solved the heat conduction Equation 1, for a hot disk with 'm' concentric rings, and obtained the temperature rise caused by hot disk sensor at any point 'r' as in Equation 7 . 
where, The average temperature rise of the sensor is given by Equation 8
By solving Equations 7 and 8, the time-dependent average temperature increase over the surface of the sensor is obtained as given in Equation 9.
where, 'P 0 ' is the total output of power from the sensor, 'a' is the overall radius of the disk, 'k' is the thermal conductivity of the sample that is being tested and 'D(τ)' is a dimensionless time-dependent function with time.
A computational straight line plot is made between the recorded temperature increase versus 'D(τ)', which intercepts at ∆T i . The slope given by Equation 10 is measured at experimental times much longer than ∆t i for accurate
Results and Discussions
The ln (x) vs. T graph is plotted with the time (x) -temperature (T) values obtained for every thirty seconds using the LabVIEW programme. The plotted graph for the specimen with 12% epoxy resin content in the mixture is shown in Figure 3 . The graph is an 'S' shaped curve with initial lag error and axial error regions. The initial lag error occurs due to the lag in temperature response due to heat transfer coefficient between the surface of heat source and testing material. The axial error occurs at higher temperatures at which the heat wave is absorbed or reflected by the testing material in axial direction. The slope of the curve, obtained after neglecting these error regions, is used to determine the effective thermal conductivity of the material. Trial and error method is adopted to determine the slope corresponding to the selected temperature, such that the values of thermal conductivity calculated from the slope is repeated within 2% error limit 10, 12 . According to the transient plane source theory, the slope of the graph is given by Equation 10. Knowing the amount of heat supplied and the slope of the graph, the effective thermal conductivity of the test material is determined. The experiment is repeated three times and the average value of effective thermal conductivity is calculated. The experiment is repeated with other specimens prepared. The variation of effective thermal conductivity (k) with temperature for each specimen is shown in Figure 4 . It shows a decreasing trend for effective thermal conductivity with increase in temperature.
The effective thermal conductivity obtained at temperature 27 °C, for the specimens with varying epoxy content (% x) in the mixture ranging from 10-24%, is tabulated in Table 2 and plotted in Figure 5 . It is observed that effective thermal conductivity decreases with increase in epoxy content in the mixture. Neglecting the effect of size of crushed granite particles on effective thermal conductivity 16 , the trend observed could be due to the presence of epoxy resin having very low thermal conductivity (0.363 W/m. K), between the granite particles. The use of epoxy resin for permanent bonding between the particles increases the interfacial resistance between the particles which in turn reduces the heat transfer between the surfaces 17 reducing the effective thermal conductivity. The effect of presence of other substances such as air or other foreign particles between the aggregates on effective thermal conductivity are neglected considering the steps taken during the manufacture of the sample such as 1) thorough cleaning and drying of aggregate particles removing any foreign particles in them 2) use of a horizontal shaker for proper filling of aggregates of different sizes without any void between particles and removal of air trapped between them increasing the compactness of the specimen prepared.
To validate the results found out experimentally using TPS method, three empirical models, namely the HashinShtrikman (H-S) bounds 10 , Jean Cote model 18 and geometric mean model are used 18 . The upper and lower Hashin-Shtrikman (H-S) bounds for effective thermal conductivity of two phase material are calculated using Equations 11 and 12 respectively 10 . For, k 2 ≥ k 1
where, k l and k u are the upper and lower H-S bounds for effective thermal conductivity, k 1 and k 2 are the thermal conductivities of epoxy and granite materials respectively with volume fraction of epoxy resin (x 1 ) and granite particles (x 2 = 1 -x 1 ), in the test sample.
The upper and lower bounds of effective thermal conductivity are calculated by taking thermal conductivity for epoxy as 0.363 W/m.K as per the data given by the manufacturer and for the granite as 3.5 W/m.K. The H-S bounds, k upper and k lower , for varying concentration of epoxy and the experimental values of effective thermal conductivity are plotted in Figure 6 . It is observed that, the effective thermal conductivity values obtained experimentally are well within the bounds.
The thermal conductivity values obtained experimentally for the samples are compared with the average values of H-S bounds and the values obtained using the correlation given by Jean Cote et al. 18 given in Equation 13 and by applying the geometric mean formula given in Equation 14. 
1 ( 1)(1 )
Where, k 2p is the fluid to solid thermal conductivity ratio given by, 2 15 0.29
and k f and k s are the thermal conductivity of fluid and solid respectively and β is the empirical parameter accounting structure effects on thermal conductivity. 
Where 'n' is the epoxy content in the mixture. The experimental values of effective thermal conductivities and the values calculated from the models are tabulated in Table 3 .
A graphical comparison of experimental values with the values calculated using correlations, is shown in Figure 7 . It is observed that, the effective thermal conductivity values obtained from this experimental study are very close to the values obtained by using correlations given by Jean Cote et al. 18 and geometric mean formula. The experimental values are very close to H-S bound average values at lower temperatures and vary within ±3% error limit at higher temperatures. This indicates the suitability of TPS method in the measurement of effective thermal conductivity for epoxy granite materials and in general for any two phase composite material.
The effective thermal conductivity values for the mineral cast epoxy granite material is found to be in the range of 2-3 W/m.K, which is twenty five times lesser than that of a conventional cast iron material, having a thermal conductivity value of 50 W/m.K. This shows that, the epoxy granite material will take a longer time to transport the heat generated in the structure. The heat transfer through the structure can be enhanced by selecting a mixture with lesser epoxy content, preferably in the range of 12-14% which maximizes the thermal conductivity without sacrificing its mechanical properties.
Conclusions
In the present work experiments are carried out, to determine the effective thermal conductivity of a mineral cast epoxy granite material using transient plane source techniques and to study the variation in effective thermal conductivity with varying volume fraction of epoxy content in the mixture. The measurement of effective thermal conductivity for eight samples with epoxy content varying in the range 10-24% is presented. A reduction in effective thermal conductivity is observed with increasing epoxy resin content in the mixture due to the presence of an interfacial material having low thermal conductivity (epoxy resin), which increases the interfacial resistance between the aggregate materials (granite particles). The effective thermal conductivity of the epoxy granite is observed to be in the range of 2-3 W/m.K, which is twenty five times smaller compared to conventional cast iron material for which the thermal conductivity is about 50 W/m.K. As a result, the supporting structure in a machine tool, made of epoxy granite material will reduce the thermal energy transport through it to other machine parts. However, an effective cooling method is required to carry away the heat stored in the supporting structure. A mixture with lesser epoxy content in the range 12-14% maximizes the effective thermal conductivity while maintaining the mechanical properties. By comparing the experimental effective thermal conductivity values with, empirical models such as H-S bounds, Cote et al. 18 and geometric mean correlations; it is observed that the experimental values are well within the range. TPS method is found to be quick and reliable technique for measuring effective thermal conductivity of composite materials. 
